In the present work, we focus on the free volume evaluations from different points of view, including the aspect of probe sizes, temperature, and cavity threshold. The free volume structure is analyzed on structures of poly(vinyl methylether) prepared by fully atomistic molecular dynamics. At first, the temperature behavior of an overall free volume and a free volume separated into individual cavities is shown. The origin of large free volume cavities is explained. A complex view on the cavity number is provided, while a complicated behavior previously observed is now explained. The number of large cavities remained almost constant with the temperature. Oppositely, the number of small cavities related to the atomic packing changes with temperature in a distinct way for glassy and supercooled regions. The cavity number maxima determine a percolation threshold according to percolation theory. The change in polymer properties with temperature can be related to a percolation of the free volume according to the free volume theory, when proper probe radii ∼0.8 Å are used for its observation. A construction of probabilistic distribution of free volume sizes is suggested. The free volume distributions reported here are bimodal. The bimodal character is explained by two different packings-atomic and segmental-forming a prepeak and a main peak on the distribution. Further attention is dedicated to comparisons of the computed free volume sizes and the ortho-positronium (o-Ps) lifetimes. The prepeak of the free volume distribution is probably unseen by o-Ps because of a cavity threshold limit. The effect of the shape factor on the computed o-Ps lifetimes is tested. The quasicavities obtained by redistributing the free volume maintain the ratio of the main dimensions with temperature. Finally, novel data on the cavity environment are provided, while it is suggested how these can be useful with the recent developments in the positron annihilation methods. The coordination number of large cavities with the polymer segments is around 1, as predicted in the free volume theory. Similarly to the percolation and the cavity number, the coordination number exhibits a change when explored by a suitable probe radius ∼0. 
I. INTRODUCTION
The free volume theory is a successful concept for relating various transport, structural, and dynamic properties by a single quantity-the free volume. [1] [2] [3] [4] [5] [6] [7] [8] [9] The basic idea of this concept is that a molecular body can move if it has a space to do so. The first principles of the concept were formulated soon after the discovery of the atom, and it was used to explain changes of fluidity in liquids. 1 The free volume theory found its stronger impact in the physics of polymers. Polymers have often identical chemical composition with different sizes of macromolecules for which different mobility can be expected. In early stages, thermodynamic and dynamic properties have been correlated to the free volume quantity as a complementary part to the molecular space. Later on, a generalization based on the behavior of transport properties was a) Electronic mail: dusan_racko@ehu.es. also given. An important conclusion was that different polymers have the same properties at the same amounts of the free volume. In these approaches, the free volume rather differed from the so-called empty free volume, which is a complementary part of volume to the van der Waals volumes of molecular bodies (e.g., Ref. 10) . In further developments, the free volume was associated to the particular molecular bodies, expecting an excess of free volume to occur when the body leaves its position. Other fundamentals of the theory predict a probabilistic distribution of the free volume sizes. The dramatic change of the properties around the glass transition point has been predicted to have something to do with an onset of the free volume percolation. 9 Despite the great success in relating different physical properties, the free volume theory fails in defining a unified free volume quantity. As such the fundamental free volume measurements, like the free volume numbers, distributions of free volume sizes, percolation and geometry, remain without understanding. The intrinsic drawback of the purely theoretical approaches is that, in the best case, they can provide the free volume quantity in an indirect way, as a fitting parameter of a particular model. Hence, the free volume is obtained as a material parameter, which is already correlated with a particular transport, structural or dynamic property; on the other hand, independent partial information for linking between macroscopic properties and a microstructure cannot be extracted. In the last two decades two methods for a direct free volume determination by using very small probes below the size of an atom have been developed. First, the experimental method called positronium annihilation lifetime spectroscopy (PALS) determines the defects in structure based on the annihilation behavior of the positronium particle (e.g., Ref. 11) . This particle of subatomic size is very sensitive to the regions of lowered electron density. The free volume amounts are determined here from the positronium lifetimes by using semiempirical quantum mechanical hole-size-to-lifetime correlations. This method suffers from an intrinsic limitation too, since it works as a direct method only under the approximation of assuming a spherical geometry of the free volume cavities. In models considering more complicated geometries of the holes, the approximate shape of cavities must be obtained by other ways. The second method for the direct free volume determination is made by computer simulations. Here, the free volume on well equilibrated structures is determined by means of geometrical analyses.
The current state of art in the free volume studies determines a need for a model or a simulation, which would reproduce all basic features of the free volume according to the classical free volume theory, as well as reproducing the free volume amounts predicted by PALS measurements. Naturally, the modeling studies attempted for reproducing the PALS measurements of the free volume. These studies predicted in general that some portion of small cavities (cavity threshold) are inaccessible for localization of a positronium particle. [12] [13] [14] [15] [16] [17] In low density systems, the positronium was predicted to reside in pockets of a risen free volume density-quasicavities. 14, [17] [18] [19] In our recent work, we have shown that the experimental lifetimes-free volume amounts, respectively-can be obtained within both conditions, neglecting of small cavities, as well as division of the free volume structure into quasicavities. The obtained positronium lifetimes, for annihilation models with different geometries, showed only small differences, which scaled with the ratio of most abundant cavity dimensions. 17 In the present paper, a further insight into the free volume structure is provided. To the best of our knowledge, the paper is a solitary work comparing free volume quantities from PALS and computations in such an extensive way and wide temperature region. The free volume is addressed from various theoretical, experimental, and computational aspects.
II. METHODOLOGY

A. Molecular dynamics simulations
The molecular dynamics simulations were performed in the DISCOVER module of the Materials Studio simulation package by Accelrys. [20] [21] [22] The molecules were built from scratch, by initializing coordinates of all atoms. Then the structures were cleaned when the bond lengths and angles were adjusted to their equilibrium values according to hybridization. Next, the forces acting between atoms were treated by attributing the condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS) molecular force field. COMPASS is a second generation molecular force field suited for simulations of condensed phases. A short molecular dynamics run was performed, while the polymeric chain approached energy minima. Using this configuration of the polymeric chain, the amorphous cell was built by means of the amorphous cell protocol. The protocol is based on an extension of well established methods for generating bulk disordered systems, containing chain molecules in realistic equilibrium conformations. 23 The prepared amorphous cell contained seven polymeric chains. Each of the chains consisted of 100 monomers, giving 7014 atoms in total. The structure was equilibrated under isobaricisothermal thermodynamic conditions (number of particles, pressure and temperature kept constant within NPT ensemble, using the isotropic stress tensor constraint) at 400 K until the conformational distribution, the box side length and the potential energy fluctuated around constant values. In a next step, the structure was dynamically equilibrated in the canonical ensemble (number of particles, volume, and temperature kept constant). The last structure from this NVT step was used as a starting point for data collection, recording structures every 0.01 ps during molecular dynamics (MD) run of 1 ns. The velocity-Verlet algorithm with a time step of 1 fs was used for the integration of the equations of motion. To control the temperature, instead of a real temperature-bath coupling (Nosé-Hoover or Berendsen thermostat) a velocity scaling procedure with a wide temperature window of 10 K was taken. 24 The structures at lower temperatures were obtained in an analogous way. Starting from the equilibrated structure at 400 K, temperature was lowered by 25 K. After the first run, successive runs of 20 ns, collecting data every 0.5 ps, were carried out until we gained 40 ns trajectories without aging phenomena. Within this procedure, we have obtained seven trajectories from production runs in a temperature range between 400 and 250 K. Each of the trajectories contained 1000 structures for analyses of the free volumes.
B. Free volume evaluations
All free volume data have been obtained as an average of the free volume evaluations over 1000 structures for each temperature. Hence, ∼5 × 10 8 cubic Ångströms of intermolecular space have been explored within the analyses. As we noted earlier, this approach in evaluating the free volume corresponds to a static approximation, similar to evaluating other structural magnitudes like a static structure factor.
In this work, we use two methods for the free volume computations. At first, the occupiable and accessible volumes with the corresponding surfaces are computed by using the Connolly's semianalytical method for calculation of molecular volumes. 25 The method has been developed during past decades and it is available also in the Accelrys software pack-age adjusted also for calculations under periodic conditions. Thanks to the sophisticated algorithm, the method allows fast calculation of molecular volumes with high precision. In the periodic system, the free volume is obtained as a complementary part to the volume which cannot be occupied by a probe with a given radius.
Until now, there does not exist a modification of the Connolly's method that would be able to distinguish separate cavities and compute their statistical, volumetric, or geometrical measures. For this purpose, we use a method based on the numerical integration in three dimensions. This method in principle provides the same results of free volume amounts when the grid spacing used (or the integration element) is sufficiently small. Since the total free volume amount is obtained as a summation of all the free volume increments, the value of the increment can be corrected to obtain the perfect agreement of the computed volumes from the two methods.
In order to obtain the free volume data related to individual cavities, the free volume is analyzed in several consequent steps. At first, the cubic simulation samples are probed with a probe of a given radius. The samples are probed every 0.5 Å which represents a usual grid spacing used within the free volume studies (e.g., Refs. 15-17, 26, and 27) . The positions where no overlaps between the probe and atoms occurred are saved. Next, cavities are constructed. A cavity is here represented by an isolated set of overlapping probes. The probing and cavity construction procedures can be carried out much more efficiently if they are done in subsets or use neighbor lists. The use of the neighbor lists, or the subsets with probes, respectively, led to considerable savings of the computational time, so the analysis performs around 200 times faster than it would have when analyzing the full structure at once. 17 For small probes, most of the free volume is usually situated in one cavity percolating through the simulation box. Therefore, this cavity is additionally redistributed into quasicavities in order to allow further analyses on the individual free volume cavities. The redistribution is performed based on investigation of local maxima of distances from atoms in the intermolecular space. 14, 18, 19 The local maxima can be determined easily as a node of the probing grid, for which all surrounding (26) nodes have a smaller distance from atoms. In our approach, however, we used a different way. The local maxima were determined as cavity centers of large cavities, detected by larger probes above a certain probe radius.
As mentioned above, the free volume is computed here by summation of the free volume increments. The summation used the original fast method for the computation of the hard spheres with different radii. 28 Because of the huge increase in the computer capacity, it was possible to perform the summation in one loop from the virtual memory. Hence, the calculations with estimated error of 0.25% could have been performed in fractions of seconds.
Finally, the geometrical parameters of the cavities were computed, based on the calculation of the moments of inertia. Diagonalization of the gyration tensor matrices were performed by using a FORTRAN routine LAPACK 3.0.
29 More details on the computation method can be found in our previous works.
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III. RESULTS AND DISCUSSION
A. The specific volumes
Prior to computation of the free volume data, the atomic structures had to be computed. The structures were obtained by simulated cooling employing the molecular dynamics simulations. Within the cooling, the temperature was decreased by a given temperature step and the structures were annealed in the NPT statistical ensemble as described in the methodology section. Hence, the first volumetric data come from the NPT simulation and are related to the simulated density. The overall volume of the box is shared by the molecular bodies and the empty space. In further investigations, we split the empty space into regions occupiable by probes of given radii. Figure 1(a) shows the temperature dependence of the specific volume of the simulated poly(vinyl methylether) (PVME). The computed specific volumes are compared to the experimental values. The comparison implies a good reproduction of the experimental densities. 30 The deviation ranged from 0.2% in high temperature liquid to around 0.7% at 300 K. At 275 K, the temperature dependence of the specific volume seems to change the slope. This temperature is believed to be a counterpart to the experimental dilatometric glass transition temperature. The shift of the glass transition temperature is a result of the dynamic arrest, and the agreement with the experimental values cannot be obtained in practically feasible computational times. The shift of the glass transition temperature (of the order of ∼30 K) is typically encountered in molecular dynamics simulations and may reach several tens of degrees, see, for example, Refs. 15 and 31.
The graph also shows the temperature dependence of the empty space volume computed on the simulated structures. This dependence demonstrates that the empty space follows the dependence of the overall volume. The thermal expansion coefficient of the free volume is slightly smaller from the coefficient for the total volume in liquid. The total difference in slope is 8 × 10 −6 giving the deviation of 1.2%. The similar behaviors of the empty space and total volumes confirm that the volume of molecular bodies changes only a little with the temperature. This observation also determines the necessity of a good agreement between the simulated and experimental specific volumes, since all additional volume would transfer to the free volume.
The fraction of the empty space at simulated glass temperature T MD g is 35.7%. This amount is close to the value 36% predicted by the packing fraction for the random packing of hard spheres. 32 The packing fraction as the complementary property of the empty space can be higher for the random packings of spheres with different radii. 33 Taking into account that the interaction potential describes the atoms as soft spheres, the packing in the simulated structures is far from its maxima and large free volume vacancies can be expected.
Figure 2(a) shows the fractions of free volumes occupiable by probes with given nonzero radii. The free volume determined by a spherical probe with a nonzero radius corresponds to the empty space between the molecular bodies minus some portion of geometrically excluded volume. The computed free volume data at the given temperature and the probe radius are shown with symbols. The data points in the region above T MD g which we suppose that properly reproduce the liquid region are also described by linear fits. The fitting analysis confirms the linear dependence of the free volume with the temperature in agreement with the free volume theory. 4 Moreover, the linear dependence is observed independently of the used probe radii. Slight deviations of the computed free volume data are observed below the assumed glass transition temperature T g . This deviation is apparent for all investigated probes. On the numerical data, we could observe also that for large probes above some radius the temperature dependence starts from zero at certain temperature. The reason is that occupiable regions, large enough to contain the probe, start to occur only above some temperature as the molecular structure expands.
Another interesting feature is the change in slope of the temperature dependences of occupiable volumes. This feature also can be observed on the free volume dependences reported in an earlier work, 34 although it was not discussed there. The slope of the dependence decreases with the increasing probe radii. As a result, the ratio of the volume shared by larger and smaller cavities changes. This may lead to an intriguing conclusion that the free volume changes on the account of the large cavities, by processes such as the flowing of molecular bodies into larger cavities and splitting them into smaller regions. Although this picture is not to be entirely dispelled within the article, we can demonstrate that the creation of new free volume amounts occupiable at first by small probes is more probable. The situation is well illustrated in Fig. 2(b) , showing the thermal expansion coefficient for the occupiable volume as a function of the probe radius. We can observe that the coefficient decreases with the probe radius displaying the curve as a "sigmoidal-like" shape. The expansion of the free volume occupiable by smaller probes follows more closely the expansion of the total volume of molecular structure. The largest change in thermal expansion coefficient occurs for probes between 0.5-0.9 Å. The more intense change can be related to another process starting to act on the free volume-the formation of individual cavities (see Sec. III D). Later, the change in slope stabilizes with larger probes again. This picture may also imply that most of the free volume starts to exist as the interstitial volume. The changes in the separated free volume cavities arise from the change in the overall free volume more likely than directly from a change in the specific volume.
B. Accessible and occupiable volume
In this section, a different view on the occupiable free volume is shown. The occupiable volume is discussed as a function of the probe radius and also in relation to the so-called accessible volume. In Fig. 3 (a) the dependence of the probe occupiable volume from Fig. 2(a) is redrawn as isotherms and shown as a function of the probe radii for four temperatures from our investigated range. The dependences start at the value corresponding to the empty space fractions and steeply decrease as the probe radii become larger. The dependence of the free volume starts to deviate from the steep decrease at the large probes where the existence of the free volume cavities is assumed. This behavior is to be considered now as general as it can be seen on the free volume data computed for atomistic simulations, such as polybutadiene 35 or amorphous sucrose. 26 In these works, the deviation from the steep descent declines at around 0.5 Å as shown also for our case in Fig. 3(a) . For probes larger than 1.0 Å less than 1% of the volume can be occupied by a probe. The dependence always ends with a jump because of the finite size of the probe. It may not be obvious from the graph because of the low amounts of the occupiable volume fraction. Similar dependences were computed also for coarse grain simulations for polyethylenes, 34 polypropylene, 36 and a polycarbonate, 37 naturally, the free volume disappears at larger probe radii predicted as the result of larger distances between the grains. The shape of the dependence is a unique feature itself. Just consider the simplest picture on the free volume vacancies in the matrix, when the free volume consists of spherical cavities with a constant radius. Then the occupiable volume would remain constant up to the radius of such the cavities, where it would drop to zero. For a more complicated state, when the cavities are represented by probabilistic distributions an s-shaped dependence should be preserved. On the other hand, the shape of the dependence can be well described by an exponential decay function (with a squared correlation coefficient R 2 = 0.995). The mathematical meaning of the exponential decay is that a constant probability acts on all population per unit of an independent variable. For our case, the population would be represented by free volume elements and the independent variable is the probe radius. The exponential decay dependence may suggest that in a larger system (statistical ensemble) even larger cavities than detected here can develop spontaneously.
The relation between the occupiable volume and the probe radius can be given based on the concentric shell model. 38 The derivation of the model resulted into exponential equations, which in generalized form correspond to those for the exponential decay. The model also relates other variables such as the bead (atom) radii, the density, and hardness. The hardness is a measure of mutual penetrability of the beads or atoms. The parameter of hardness changes from 1, for completely nonpenetrable spheres, to 0 for spheres, which can be placed randomly. As shown earlier, 35 the dependence of the occupiable free volume fraction in molecular structures from atomistic simulations occurs closer to the second limit case. Additionally, by comparing the curves normalized to a point probe computed for several temperatures, we may see that the predicted hardness parameter decreases with rising temperature, Fig. 3(b) . The randomness in this case increases more likely due to the higher configurational freedom than due to a higher penetrability of molecular bodies.
C. The free volume surface
In this section, we report on the surface areas computed for the occupiable volumes for different probe radii. The variation of the surface areas with the temperature and probe radius has more complicated behavior than it is in the case of the occupiable volume. As shown in Fig. 4 (a) the surface area in general increases with temperature. The intensity of the increase changes differently for different probes. The surface corresponding to the empty volume changes less intensively. The areas computed in the periodic box are smaller than the areas computed on the same molecules, but placed separately in vacuum. The area in such case was around 9 × 10 3 Å 2 higher (20%). The difference arises from the overlaps of the atoms in the simulated packings of molecules. The specific surface computed as surface area per unit volume in Fig. 4(b) shows a continuous increase up to 300 K. Above this temperature the specific surface may drop for probes close to van der Waals radii. Furthermore, we may see that the surface area rises the most rapidly for the probe radii from the region where the breaking of the free volume structure into isolated cavities is supposed. Figures 4(c) and 4(d) show the computed slopes characterizing the increase of the surface area with the temperature for a given probe radii. Figure 4 (c) represents a simplified case, when the computed surface areas were fitted by a linear equation. This simplified picture is to demonstrate the characteristic shape of the curve. As compared to Fig. 2(b) , we may observe that the surface area rises with the highest slopes in the region where the more intensive changes in the free volume are reported. Despite the expansivity of the free volume, where the linear dependence is predicted by the free volume theory, no such prediction is made for the expansion of the surface area. Therefore, fitting analyses with more complicated functional forms would be suitable. For this case, we fitted the data presented in Fig. 4(a) by a simple polynomial (cubic) function. Next, we computed the slopes as the first derivations at given temperature. Figure 4(d) shows the computed slopes as isotherms dependent on the probe radii. Again we may observe that the peak of the surface expansion occurs between 0.3-0.8 Å, corresponding to the region of the steep decrease in Fig. 2(b) . In this region, the free volume structure splits in the individual cavities. We may also observe that the overall change in the surface area (which could be an integral of a particular curve) is smallest below the "glass transition from simulation" and it drops again at 400 K where the true liquid phase is assumed.
D. The cavity number
In Secs. III A-III C, we have already provided a certain insight into the formation of individual cavities in the free volume structure. Based on this picture, we may expect that the number of cavities will exhibit a complicated behavior too. In an earlier work, the number of cavities computed for two distinct probe radii were reported. 34 The computed numbers of cavities for the two probes showed qualitatively different behavior, although the authors did not comment on the observed behavior. In a recent work, 17 some of us computed the number of cavities as a function of the probe radius. As we observed, the computed distribution showed a peak placed around the probes with radius ∼0.7 Å. The existence of such a maximum is very natural now. As the probe radius increases, the free volume structure breaks into isolated cavities. Because the occupiable volume changes too, the occupiable (probe accessible) sites are depleted soon and the cavity drops again. The position of the peak is situated in the region where the form of the free volume, from a percolated space into individual cavities, is observed. Let us note that within the cavity constructions by using a discrete probing grid the percolation of cavities may change slightly, and the position of the peak may slide to smaller values when finer grid spacing is employed. 39 In Fig. 5(a) we show that such distributions develop at all temperatures. However, the position of the peak will slightly shift with temperature to higher values. This is consistent also with Fig. 3(b) , which infers that at higher temperatures the cavity breaking starts at higher probe radii. The distributions were computed starting from probe radii of 0.4 Å. The reason is that the computational costs heavily increase with decreasing the probe radii toward a point probe. However, the question whether there can exist also a cavity for a point probe with zero radius, can be answered that, in principle, it is possible. The molecular structure consists of finite-size spheres; hence, in a proper coordination of atoms, a free space can be formed between them. Due to the huge computational costs, we do not investigate the physical meaning of this presumption further.
When the distributions in Fig. 5 (a) are redrawn as a function of temperature, the origin of the qualitatively different behavior for various probe radii is obvious [see Fig. 5(b) ]. We may classify the behavior of the cavity number with the probe radii into three groups. For the small probe radii below the peak of the cavity number, the total number of cavities will decrease with temperature. We may describe this behavior on the temperature as merging of the small cavities into one mostly percolated cavity. On the other hand, for the large probes new occupiable regions are created, so the number of cavities increases. Finally, from the view on the cavity number distributions presented in Fig. 5(b) it is also clear now that for some probe radii the system will be passing through a maximum with rising temperature. This behavior will be typical for probe radii around the position of the cavity number maximum. Figure 5 (b) also indicates the dependence of the total maxima of the cavity number. This maximum can be a result of interplay between different packings-atomic and the packing of molecular bodies. The maximum of the cavities seems to develop a global maximum between 325 and 350 K. Another interesting feature is the drop of the cavity number maxima with the temperature. As we have seen in Fig. 3(d) at the higher temperature the cavities are created at higher probe radii. At the higher probe radii, the free volume can be divided into fewer cavities.
E. The free volume distributions and the percolation
The classical free volume theory assumes two fundamental properties of the free volume. One is a probabilistic distribution of the free volume element sizes. 9 The other one is the percolation of the free volume elements. Within the percolation theory an important prediction is made, that at the point where the percolation occurs a dramatic change in properties is observed. 40 It is now natural, that since the first computational works the authors have been attempting to show the distribution functions of the free volume. However, a typical shape of the free volume distribution computed by the direct probing approach showed bimodal or trimodal distributions. 13, 18, 19, 34, 37, 39 In these distributions the highest occurrence of the small cavities was observed, followed by a considerable lower number of cavities in the intermediate range. On some distributions also a large cavity is observed which usually percolated the simulation box.
Note that in some other approaches to the free volume simulation, like Voronoi or Delaunay tessellations, the probabilistic distributions of the free volume sizes are regularly observed. However, the free volume amounts determined by the tessellations are not clear, at least for polydisperse systems. This is because in a fully atomistic simulation the indices and vertices of the polyhedra are function of both, the free volume sizes as well as the atomic radii. The percolation of the Voronoi or Delaunay polyhedra 37, 41 has also been observed, although the authors reported that no change of the properties around the percolation point has been observed. 42 In Figs. 6(a) and 6(b) we show integral distributions of volume as a function of cavity volume and temperatures. The distributions are normalized by relating the distributions to the absolute amounts of the occupiable free volume at the given temperature. Furthermore, the figures provide data computed for two probe radii from the interval where the peak of the cavity number distributions is observed. We can see the distributions change as a function of the temperature as well as probe radii. For small probes, or a point probe respectively, the free volume structure should be percolated. For large probes, a narrow distribution of the cavity volumes is observed. The percolation of the free volume structure can be traced by probe radii around the position of the cavity number maxima [ Fig. 5(a) ]. This is in an agreement with the percolation theory, which says that around a percolation threshold a maximum should occur.
The percolated cavity may represent a real puzzle in simulations. From the aspect of free volume analyses, the percolation complicates analysis of the cavity structure. The evaluations of the basic free volume measurements, like the cavity number, cavity volume, and the cavity geometries, apply only on individual cavities. In the case of the percolated cavity a bias from the simulated box sizes may take place. The problem of percolating cavity might not be encountered in dense systems, such as hydrogen bonded liquids, even for small probes around radius of 0.5 Å. 15 This is because even the smaller probe radii were larger than the radius belonging to the cavity number maxima. However, in a later investigated polymer system we coped with the problem of the percolating cavity. In order to break the cavity into quasicavities, we have redistributed the free volume structure around the local maxima of the free volume occurrence as suggested in earlier works. 14, [17] [18] [19] Such maxima can be determined as probing positions for which all 26 neighboring nodes have lower distance from atoms. These criteria, however, can be too tight and may lead to splitting even bulky cavities according to subtle irregularities, which could be associated to the level of a cavity surface. As a result, the distributions of the cavity sizes may occur around lower values. In our approach, we determined local maxima in a different way. The local maxima were given as centers of large cavities determined by larger probe radii. The probe radii used were close above the position of the cavity number maxima (Fig. 5 ). This approach also allows scaling the position of the peak of the free volume sizes distribution.
As it has been reported in earlier works, and as we show in Fig. 7 , the former delta wing shaped distribution [ Fig. 7(a) ] of the free volume changes after the redistribution into the probabilistic distribution [Fig 7(b) ]. Now, the origin of the probabilistic distribution can be explained by the distribution of the cavity centers in the sample volume. As we have shown in our recent work, 17 based on the cavity-cavity radial distribution function the distribution of the large cavities in space is completely random, contrary to small cavities, for which a certain pattern has been detected. Now consider that the free volume structure is redistributed around the centers of these large cavities. Finally, the distribution of the free volume observed here is bimodal. We suggest that the bimodal character of the distribution is given by two different packings in the structure. One is related to the atomic packing, the other originates from the packings of the whole polymer segments on a scale of Kuhn segments.
Moreover, we may remark that the procedure of the free volume redistribution is in its principle familiar with the Voronoi or Delaunay tessellations (e.g., Ref. 43 ). However, in this case instead of atoms, the volume is associated to the random points corresponding to centers of large cavities and only free volume part of space is considered. It can scale to larger free volume structures too (for example determining coordination or percolation of the large cavities). Finally, let us note that the percolation phenomena predicted by the free volume theory 9 should be explored also on larger scales, where a percolation of the larger free volume formations should be examined. At small scales on the level of atoms, the percolation can be hidden in the primary formation of cavities based on the probe geometry as shown in Secs. III A-III D.
F. Cavity shape
The next property of the free volume evaluated is the cavity geometry. The cavity geometry can be evaluated in a discrete way by computing the main axes of the ellipsoid of inertia. The ellipsoid of inertia represents a momentum distribution of probes forming the cavity. 44 Another common way to expressing the geometry is computing a surfaceto-volume ratio. The previous geometrical evaluation of the cavity geometry showed that the irregularities expressed as asphericity, acylindricity, 35, 44 or statistical deviations like variance and uniformity increase with the volume of cavities. 13 In our recent work, we compared the match of the cavity geometry with several basic geometrical shapes. 17 Here, we provide further view on the cavity geometry computed for different probes and temperatures. At first, the side-to-length ratios of the main axes of the ellipsoid of inertia are computed and based on these ratios the histograms of occurrence are created. In Fig. 8 we show the histograms computed for two temperatures from our temperature range of interest, by using four probes 0.53, 0.9, 1.1, and 1.5 Å. We may see that for the smallest one no stable distribution is observed. It is because most of the free volume is situated in a percolated cavity and only casual individually existing free volume cavities appear in the structure. For larger probes, the percolated structure starts to fall apart into individual cavities. Here, a probabilistic distribution of the side-to-length ratios can be observed centered about a characteristic ratio 0.6:1.0. For larger probes, the values of the side-to-length ratios around unity become frequented because even the large cavities can contain only single probes. We may see that the main features observed on histograms are shifted with temperature so that the same features occur for a smaller probe at lower temperature. In principle, this shift follows the shifting of the cavity number maxima with the increasing temperature [ Fig. 5(a) ]. The geometrical dimensions computed on the quasicavities keep a constant value of the match to a simplified geometrical representation, as well as the side-to-length ratios, within the temperature range investigated (81% for cylinder). The variation of the matching with the temperature was within the boundaries of the standard deviation. Figure 9 shows the geometrical features discussed above in a different view, as surfaceto-volume ratios. The graph shows that the ratio computed for the empty space by a zero point probe slightly decreases with increasing temperature. For the zero point probe, the area of the free volume cavities corresponds to the van der Waals surface of the molecules. The decrease occurs because at the higher temperatures the molecules get separated and more of the molecular space is accessible to the probe. The decrease of the surface to volume ratio has been already manifested by the specific area (Fig. 4) . The ratios start to increase with increasing the probe radius reaching a maximum. The maximum occurs approximately in the region of the cavity formation and slightly shifts toward large probes with the increasing temperature. For very large probes, the data become unstable and the computed values occasionally provide the side-to-length ratios corresponding to a sphere with the given probe radius.
An apparent global maximum of the surface-to-volume ratio computed for 350 K can be a result of two factors: the largest surface-to-volume ratios are obtained for isolated mid-sized cavities (Fig. 8) and the occurrence of a global maximum of cavity number close to 350 K [ Fig. 5(b) ].
G. The computed free volume cavities and the PALS
In a consecutive step, the computed free volume sizes or the positronium lifetimes can be compared to the experimentally obtained values. In our comparison we will show the positronium lifetimes rather than volumes, since the positronium lifetime is the quantity directly obtained from the PALS experiment. The input data for the positronium lifetime computations are the cavity volumes and dimensions computed within the free volume analyses. The corresponding lifetimes are calculated based on the lifetime-to-volume semiempirical   FIG. 9 . The overall surface to volume ratio of the free volume computed for four characteristic temperatures from our investigated temperature region. quantum mechanical correlations. In the experimental determination of the free volume, the same equations are used to calculate the cavity sizes from the positronium lifetimes. In extension to the experimental determination, we also use the model with enhanced assumption of the cylindrical geometry and use the cavity dimensions obtained within the geometrical analyses.
In previous studies of the high free volume systems, it has been suggested that probes with small radii can be too sensitive to provide the picture of the cavity structure. 45 As we have shown, the number density of cavities can be reproduced by using the larger probes with radii around 1.0 Å; however, the free volume dropped dramatically. Therefore, within the free volume determination we used a small probe with radius of an ortho-positronium (o-Ps) atom, R P = 0.53 Å, and additionally redistributed the percolated free volume structure as suggested in related works. 14, 18, 19 However, the determination of the local maxima in the original approach may be too tight and leads to predicting smaller cavities around 2-3 Å of hole-size equivalent radii. 27 In our approach we determine the cavity maxima in a different way, as centers of cavities determined by larger probes with radii close above to the cavity number maxima. As suggested from our recent work, by changing probe size criteria, the positronium lifetimes can be obtained in a span between those of percolated structure to those computed on quasicavities. 17 Naturally, in the case of larger cavities the role of the shape factor becomes more important, decreasing the computed lifetimes. In order to obtain the experimental values, small cavities below some threshold volume should be discarded. In Fig. 10(a) we show that the overall cavity number drops with temperature, consistently with what was already observed in the low molecular systems. 15, 16 The overall number of cavities corresponds to the number of large cavities obtained from redistribution of the free volume, plus a larger cavity number sampled by very small probes. When eliminating cavities with certain small volumes, the cavity number in the temperature region below ∼350 K remains constant. As shown previously, 17 these small cavities could correspond to some subtle structural feature sampled along the atomic structure of the polymeric chain and they are not accessible to o-Ps atom localization. As we have also shown in Figs. 3 and 7 in this work, this structural feature can be sampled particularly by small probes at sizes, where the fractal division of the interstitial space occurs. Consistently with the distributions in Fig. 7 , the amount of the small cavities to be neglected drops with the increasing temperature. The number (density) of holes is often assumed to be related to the relative intensity of an o-Ps signal during annihilation measurements. 46, 47 On the other hand, some other experimental works argued that the intensity of the annihilation signal has a more complicated origin, showing that the intensity is affected by light of a particular wavelength or chemical composition. 48 Understanding the origin of the relative intensity can enhance amount of unique information obtain by the PALS measurements. As the computational approach of the free volume analyses provides also information on the cavity number, a direct comparison with the relative intensity is afforded. Figure 10(a) plots the relative intensity on the right y-axis versus the normalized temperature. Despite scat- tered values at high temperature above 1.2T g , the dependence of the relative intensity seems to have a slightly increasing trend. However, the total difference is smaller than 9% in the investigated temperature region. The slightly increasing trend is, however, comparable with the increasing trends of larger cavities [ Fig. 5(b) ]. This could be consistent with an assumption that o-Ps atom localize in larger cavities. The number of computed quasicavities obtained after redistribution of the free volume seems to preserve this trend (0.8-1.0)T g . A use of larger probes to determine cavity centers for the free volume redistribution could even pronounce the increasing trend of computed values. On the other hand, as the observed variation of the relative intensity as well as computed cavity numbers show only slight variations with the temperature, the assumption of a constant cavity number given in some models for the free volume fractions (Ref. 49 ) is fairly satisfied too. Figure 10 (b) compares the experimental data from PALS measurements 50 to computed values. The computations involved two models considering different geometries. One is the most simplified and the most common model for spherical holes. [51] [52] [53] The second cylindrical model 54 was shown to reproduce the PALS data when considering a geometrical representation of cavity closest to the real cavity shape. 17 We prefer comparing lifetimes because the o-Ps lifetime is the actual quantity directly obtained by the PALS experiment. The computed and experimental data are normalized to corresponding glass transition temperatures observed in the PALS experiment T PALS g ∼ = 250 K, 50 or obtained in the molecular dynamics simulations T MD g = 300 K (Fig. 1) . The gray area between solid lines corresponds to the values computed by cylindrical model, with thresholds of cavity volumes between 40-60 Å 3 . The thick line is computed for 50 Å 3 . The lifetimes computed by using the spherical model are represented by open circles. In the case of the spherical model, idealized geometry provides an overestimate of cavity lifetimes; 17, 55 hence, a smaller cavity threshold of 30 Å 3 had to be considered. From the comparison between the computed values, we may see that after using different cavity thresholds to compensate the overestimates of values between models, the values keep the same temperature dependence. The reason for this can be that overall geometrical parameters represented by the ratio of the main dimensions of cavities do not change (significantly) with temperature as discussed in Sec. III F. The computed data qualitatively agree well with the experimentally measured lifetimes up to the onset of plateau region. The plateau region is not reproduced what indicates that the origin of the plateau observed in the experiment cannot be explained only by the shape factor of the cavities. Quantitatively the computed o-Ps lifetimes for a given cavity threshold are longer than the experimental values. After scaling the graph by normalizing to the corresponding glass transition temperature, the data showed roughly constant difference in the investigated temperature region up to the onset of the plateau. This is quite clearly the result of large cooling rate which causes the structure to freeze at higher amounts of the free volume. 15, 16 
H. The cavity environment
In our previous work, we have investigated the cavity environment in terms of the cavity-cavity radial distribution functions. The distributions showed a prepeak occurring at small separations or detected by small probes, respectively. We have suggested that this peak may correspond to some structural feature sampled along the polymeric chain. In the present work, we furthermore provide an investigation of the cavity environment. From the experimental point of view, the PALS has been shown to have the ability to detect chemical environment for particular chemical elements. However, the existing data are rare and exist for only a few chemical systems. 56, 57 Hence, no particular comparison of experimental results is done here, and rather we show the ability of providing such kind of information by the simulation approach too. Histograms show portions of polymeric segments (from total 700) coordinated by a particular number of cavities. The graphs are shown for two temperatures 300 and 400 K, and the data were computed as an average over 1000 structures for the given temperature and particular probe radius.
In Figure 11 , the histograms enumerating the numbers of cavities neighboring to each of 700 polymer segments in the simulated structures are shown. Two limit cases are analyzed from our investigated temperature range. The data were averaged over 1000 structures. The graphs infer that the small probe, with the radius 0.53 Å, is a very sensitive probe to which all segments are accessible during probing. However, for the probes with larger radii there are a considerable number of inaccessible regions. This number is decreased as the structure opens with the increasing temperature. In the case of the small probe, the number of segments detected to be surrounded by only one cavity increases. It is because of spread- 
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Free volume up to nanoscales J. Chem. Phys. 134, 044512 (2011) ing of the percolated cavity. We may, further, observe that rather large number of segments participates in formation of more than one cavity. This may occur in the case of small single-probe cavities. As we suggested earlier, 17 this portion of small cavities sample some subtle feature, in principle represented by the interstitial volume. For larger cavities, even represented by a single probe of 1.20 Å, associating of a polymer segment by more than one cavity becomes unlikely.
A complex view on the object of our investigation in this work is given in Fig. 12 by representative visualizations. The visualizations show slices of the molecular structure together with the free volume cavities. The visualizations are provided for four characteristic temperatures from our investigated range. Cavities with large free volume amounts accessible to larger probes are distinguished by a color scale from blue to green. Probes with radii below 0.5 Å are considered to be able probing the intermolecular space in detail. This space, however, would correspond to the interstitial volume and no cavity formation is supposed here. This detailed space is shown in black color. In the actual slice, we may observe that only a few really large cavities can be found. These cavities may have approximately size on a scale of Kuhn segments. Within the centers of these large cavities the free volume has been associated, producing the probabilistic distributions of the cavity sizes (see Sec. III E). Redistributing of a free volume sampled by more sensitive probes increases the cavity surface, and it is responsible for the complicated cavity shape generally computed in previous geometrical investigations. 17, 35, 37, 39, 43 In agreement with the previous study the elongated cavity shape can be remarked.
IV. SUMMARY AND CONCLUSIONS
We have investigated free volume structure at different temperatures starting from a point probe. The temperature dependences of the free volume fractions computed for different probes show linear dependence on temperature. The thermal expansion coefficient of the free volume drops with increasing temperature as the free volume fractions computed for larger probes are a function of both, density and the probe geometry.
The dependence of the free volume with increasing probe radius follows an exponential behavior. This describes how large defects develop from the disordered atomic structure spontaneously. The bending on the exponential curve is related to the formation of individual cavities. The bending can distinguish the free volume existing in two different forms. The region of the steep drop of the occupiable volume is associated with depletion of large amounts of probing sites and corresponds to a percolated free volume. This part of the intermolecular space can be characterized with a fractal division of space. The region below the bending represents a free volume existence as individual cavities, which have larger geometrical freedom for probing. Further, comparison with the concentric model shell infers decrease of hardness of the molecular structure with rising temperature. The randomness or disorder of the structure can be related to the developing of larger cavities. The formation of cavities, as change of the character of the free volume, reflects on different properties evaluated, such as temperature dependences of the occupiable volume, cavity numbers, specific surface, or geometrical parameters. The cavity formation is also reflected by the dependence of the free volume quantities on a probe size, such as the occupiable volume, occupiable-to-accessible volume ratios, thermal expansivity of free volume, expansivity of surface, shifting of cavity number distributions, or producing probabilistic distributions.
The complicated and qualitatively different behavior of the cavity number computed for small and large probes was explained. Additionally, the maximum was observed to shift slightly with increasing temperature. Hence, for certain probe radii around the position of the cavity number maxima the system was observed to be passing through a cavity number maximum also with increasing temperature. The cavity number increases or drops with temperature according to the position of the cavity number maximum. In the same time, the cavity number maximum characterizes a percolation threshold value in the primary cavity formation/free volume percolation. This percolation is not necessarily connected with the dramatic change of physical properties predicted by the classical free volume theory. An approach for investigation of larger free volume formations and examining their percolation over the structure with the change of the physical properties was suggested.
The distributions of the cavity numbers and volumes show polymodal distributions in percolating structures. Probabilistic distributions were produced by redistributing the free volume around local maxima of the free volume occurrence. A modified way for obtaining these maxima as centers of large cavities prevented bulky cavities from crumbling. The procedure is similar to construction of space tessellations. The distributions of the free volume produced in this way are bimodal. The bimodal character of the distributions is natural and can originate from two different packings-atomic and segmental.
The geometry of cavities was evaluated by side-to-length ratio of the main axes of ellipsoid of inertia and by the surfaceto-volume ratios for different probes and temperatures. The evaluations show that the same features are computed at higher temperatures when larger probes used. The behavior follows the shift of the position of the cavity number maxima and the percolation threshold. The geometrical dimensions computed on the quasicavities keep a constant value in the temperature range investigated. The variation of the geometrical evaluations computed on quasicavities with the temperature was within the boundaries of the standard deviation. The evaluations can be important from the aspect of the classical free volume theory, supposing that a constituent can move if it has a space to. The slightly flat-shaped geometry with side-to-length ratio 1:2 suggest that for most molecular probes including the polymer segments the constituents in structure will affect the structure and produce their own free volume. From the aspect of the semiempirical PALS models with enhanced geometry, the constant ratio of the geometrical dimensions predicts that the data from spherical model will be overestimated by a constant difference value.
The comparison with the PALS data showed that experimental values of the ortho-positronium lifetimes/cavity volume can be obtained under two assumptions: (i) cavities below certain threshold volume are not able to localize positronium atom, (ii) the free volume structure is redistributed into quasicavities. In the low temperature region, the computed lifetimes increase with a smaller slope; however, our glassy region is probably shifted to higher temperatures. The shift is due to some scale effects, such as cooling rate or box sizes employed. The comparison has also showed that the shape factor is not sufficient to explain the plateau, which seems to be observed in experiments at higher temperatures. Underestimate of the lifetime values in the mid-region of temperatures could be compensated by rearranging the free volume around even bigger cavities. It may suggest that the cavity centers of longest persisting cavities should be determined upon some dynamic criteria.
The evaluation of the cavity environment demonstrates the ability of the computational approaches in the free volume evaluations to be used as a complementary tool in the exploration of the free volume environment suggested by recent developments in the experimental method. The computed data show that a probe with 0.53 Å is a sensitive probe able to access all polymer segments. In the case of larger probes only segments around larger free volume cavities can be associated. In some case a polymer segment can be associated with more than one cavity. This happens mainly in the case of the probes with the radii around the position of the cavity number maxima or percolation threshold, respectively.
For a direct visual examination of the properties investigated in this work a complex visualizations has been prepared, showing the free volume regions in color scale according to the probe size used. In the same picture, the molecular bodies forming the polymer are shown and the atoms are distinguished based on their chemical origin.
